Deep level transient spectroscopy (DLTS) and thermally stimulated capacitance (TSCAP) studies on bulk grown tellurium-selenium-, and sulphur-doped gallium antimonide reveal the presence of deep level intrinsic of the dopant species. The trap densities in Te-and Se-doped samples were found to be at least two orders of magnitude lower than the shallow donor concentration. Interestingly, the DLTS spectrum of S:GaSb exhibits DX-like nature with the trap concentration comparable to that of shallow donor concentration. However, the Te and Se related levels do not exhibit DX-like nature. The DLTS and TSCAP results are in good agreement with each other.
Recently, there has been an increased interest in the device related properties of GaSb. ' Owing to the difficulty in fabricating high quality Schottky barriers on GaSb, very few reports on the properties of deep levels exist in literaturezm4 It is well known that donors introduce high concentration of deep traps commonly known as DX center in binary and ternary III-V semiconductors.'-' The high concentration of deep traps adversely affects the performance of all devices at low temperatures. ' In this letter, we present our results of detailed deep level transient spectroscopy (DLTS) and thermally stimulated capacitance (TSCAP) measurements on n-GaSb doped with group VI elements (Te, Se, and S).
The samples used in this study were single crystals of n-GaSb doped with tellurium, selenium, and sulphur. The crystals were grown by vertical Bridgman technique in our laboratory." The net electron concentration of various samples at room temperature ranged from 7X 1Or6 to 5 X 10" cmm3. Back ohmic contacts were fabricated by thermal evaporation of Au-Ge (88:12) eutectic mixture under 10m6 Torr followed by alloying at 300 "C in H, atmosphere for 2 min. Schottky diodes were fabricated by thermal evaporation of Au through a shadow mask under a vacuum of 10e6 Torr. The diodes fabricated were of high quality with ideality factor close to 1.2. DLTS measurements were carried out using a conventional double box car averager in which time window could be varied over more than three decades. The DLTS system can detect trap densities of 10n4 times that of the donor concentration. Details of the DLTS system are given elsewhere.'r A constant reverse bias of 2.5 V was applied to the diodes during the DLTS measurements. DLTS scan from 50 to 320 K revealed a single deep level in our crystals whose characteristics were found to be dopant dependent. The high quality of the Schottky barriers fabricated has allowed us to perform a large number of DLTS measurements. The absence of any other deep level to our crystal indicates the high quality of the material used in our studies. DLTS measurements were carried out on several samples of similar doping concentrations to check the consistency of the results obtained. Figure 1 shows the typical DLTS spectra recorded for a rate window of 3.53 s-l and a pulse width of 10 ms. The Arrhenius plots of peak position versus inverse temperature are shown in Fig. 2 . The rate windows employed were in the range of 0.353-70.62 s-l. The capture cross section of the deep level was obtained by measuring the DLTS peak height as a function of filling pulse width from 100 ns to 50 ms. The values of free carrier and net donor concentration obtained from Hall and capacitance-voltage (C-V) measurements at different temperatures were used in calculating the capture cross section cr, and the trap densities. Furthermore, to obtain the capture cross-section activation energies, the capture cross-section measurements were performed at various temperatures. The results obtained from DLTS measurements are given in Table I The deep traps in the Te-and Se-doped GaSb exhibit similar properties. The DLTS spectrum of S:GaSb consists of a broad assymetric peak as shown in Fig. l(c) . Unlike the Teand Se-doped samples, the S-doped ones exhibit a large, nonexponential capacitance transient with the DLTS signal of the order of quiescent diode capacitance at the peak temperature. This indicates that the deep level concentration is of the same order of magnitude of that of the donor concentration. By numerical simulation, we have deconvoluted the DLTS peak [ Fig. l(c) ]. From our DLTS measurements, it has been found that the two peaks have different activation energies. Such a splitting has been found previously in Sirelated DX center in GaAs under hydrostatic pressure (30 Khar).6 It is obvious that the splitting in our case cannot be due to alloy broadening as strongly argued by Mooney and co-workers to explain the multiple peaked DLTS spectra due to DX center in AlGaAs. '" The DLTS experiment was repeated on various samples with different dopant concentrations in the range of 7X1O'6-5X1O18 cm-s. The deep level properties were found to differ only when the dopant species was changed. This led us to postulate that the deep traps thus observed were donor related.
The TSCAP experiments were performed by cooling the samples using a Helium close-cycle cryopump (from CT1 Inc.). The temperature was maintained by Lakeshore Cry- otronics temperature controller. During the heating cycle, the temperature ramping rate was maintained at 5 K/min. The data acquisition was done by personal computer via IEEE 488 interface (GPIB). The typical TSCAP plot with empty and filled traps for selenium-doped GaSb is shown in Fig.  3(a) . Similar plots were obtained for the tellurium doped sample also. Using the mid-point temperature, the magnitude of the capacitance step and the heating rate in the equations derived by Sah et al.,13 the position of the trap level with respect to the conduction band edge (EC-E,) and the trap densities were calculated. The calculated results were close to the results obtained by DLTS measurements. It should be noted that the (E,-E,) as obtained from TSCAP is equal to the difference between the E, and E, in the DLTS measurements. For the S-doped samples the capacitance step was observed to be very large as shown in Fig. 3(b) . This indicates that the trap and donor densities were of the same order of magnitude. Since the activation energies of the two traps observed in DLTS spectrum are close to each other, TSCAP data do not show two distinct steps. However, a kink in the capacitance step was observed corresponding to mixed emission from the two traps, if the traps were filled at low temperature rather than at room temperature [see Fig. 3(b) ]. The position of this kink depends on the tilling pulse width and was found to shift to higher temperatures with increasing pulse width. This shows that for short filling pulses, the emission is mostly from the lower energy trap, whereas for long tilling pulses, it is from the higher energy trap.
In conclusion, we have evaluated the electrical properties of deep levels in n-GaSb-doped with group VI elements. These characteristics reveal that the deep levels are donor related. The DX-like nature of S-related deep center has been Appl. Phys. Lett., Vol. 65, No. 11, 12 September 1994 established by the large nonexponential capacitance transient and multiple-peak DLTS spectrum. In contrast, no evidence for DX-like behavior was observed in Te-and Se-doped GaSb even with high doping levels. Thus, it would be interesting to study the deep level properties of Te-and Se-doped GaSb under hydrostatic pressure. Moreover, since sulphur doping results in DX center at atmospheric pressure, S:GaSb should be an ideal choice for detailed investigation of DX centers.
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